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Due to the environmental impacts resulting from the production of Ordinary Portland cement (OPC), the
drive to develop alternative binders that can totally replace OPC is gaining huge consideration in the
construction ﬁeld. In the current study, attempt was made to determine the strength characteristics of
glass ﬁbre-reinforced ﬂy ash based geopolymer concrete. Sodium hydroxide (NaOH) and sodium silicate
(Na2SiO3) were used as alkaline solutions (for activation of geopolymer reaction) at 12, 16, 20 M. Glass
ﬁbres were added to the geopolymer concrete in varying proportions of 0.1e0.5% (in steps of 0.1%) by
weight of concrete. A constant weight ratio of alkaline solution to ﬂy ash content of 0.43 was adopted for
all mixes. British standard concrete test specimens were cast for measuring compressive strength, split-
tensile strength, and ﬂexural strength. Concrete specimens were cured by heating in oven at 90 C for
24 h and natural environment, respectively. From the results, thermally cured concrete samples had
better mechanical properties than the ambient (natural) cured samples. Thermally cured concrete
specimen, containing 0.3% glass ﬁbre and 16 M NaoH, achieved a maximum compressive strength of
24.8 MPa after 28 d, while naturally cured samples achieved a strength of 22.2 MPa. There was sub-
stantial increase in tensile strength of geopolymer concrete due to the addition of glass ﬁbres. Split
tensile strength increased by 5e10% in glass ﬁbre-reinforced geopolymer concrete, containing 0.1e0.5%
glass ﬁbre and 16 M NaoH when compared to the unreinforced geopolymer concrete (1.15 MPa).
© 2017 Chinese Institute of Environmental Engineering, Taiwan. Production and hosting by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).1. Introduction
The environmental impacts emanating from the production of
Ordinary Portland cement (OPC) are not friendly to the biodiversity.
For production of one ton of OPC, about one ton of CO2 is released
into the atmosphere [1,2]. Annually, an approximate 1600 Mt of
greenhouse gases (CO2, CH4, and N2O) are emitted by cement in-
dustries worldwide [2e4], and this signiﬁcantly affects global
warming. However, a sustainable alternative to OPC has been found
in geopolymer based materials, which have minimal or no impact
on the ecosystem. The production of geopolymers entails activating
a pozzolanic material such as, ﬂy ash [5], steel slag [6], ceramic [7],.edu.ng (P.O. Awoyera).
Institute of Environmental
l Engineering, Taiwan. Production
d/4.0/).wood ash [8], and many more, that are highly rich in silica (SiO2)
and alumina (Al2O3) (through a process of polymerization), using
an alkaline solution [9e11]. Of many discovered pozzolanic mate-
rials, ﬂy ash, ground granulated blast furnace slag, and rice husk ash
are commonly used for making geopolymers, because they contain
signiﬁcant amount of SiO2 and Al2O3.
The use of geopolymers as binders in concrete is gaining
attention in the construction ﬁeld due to their environmental
beneﬁts, and also improvement of concrete strength. In addition,
geopolymer concrete exhibits similar strength properties as the
conventional OPC concrete [12e15], which makes it a suitable
material for civil engineering applications.
Furthermore, a major advancement in the construction in-
dustries over the years includes the incorporation of ﬁbres as
replacement for conventional steel reinforcement. Because of the
increasing cost of steel reinforcement, ﬁbres from artiﬁcial or nat-
ural origin are considered for concrete reinforcement. Fibres areand hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
Table 1
Oxide composition of the ﬂy ash used.
Oxides SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O P2O5 TiO2 LOI
Fly ash (wt%) 50.0 28.25 13.5 1.79 0.89 0.32 0.46 0.98 1.54 0.64
Table 2
Properties of glass ﬁbre used.
Aspect ratio Density (kg m3) Speciﬁc gravity Failure strain (%) Elastic modulus (MPa) Tensile strength (MPa)
600 2540 2.4 3.0 82,000 2500
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crete and also improve post-crack strength of concrete [16]. The
commonly used materials for ﬁbres are steel, glass, and poly-
propylene. But the current study is focused on using glass ﬁbre and
ﬂy ash for the production of geopolymer concrete. Studies have
shown that ﬁbre reduces the workability of concrete but improves
its density, compressive and ﬂexural strengths [17,18]. However,
there is a need to investigate further the signiﬁcance of glass ﬁbres
when they are included in geopolymer concrete.
On the other hand, one of the factors that inﬂuences the
strength development in ﬂy ash based geopolymer concrete is the
curing medium. A few experimental reports indicate that heat
curing is the most suitable for ﬂy ash based geopolymer concrete
[12,19], because heating helps to speed up the geopolymer reaction.
Moreover, adequate heating provides escape routes for trapped
moisture in geopolymer concrete [12], which in turns reduces
permeability of the concrete. However, heat curing may not be
adequate when geopolymer concrete is to be used for in situ
construction.
Therefore, the current study attempts to contribute to the pre-
vious reports in the ﬁeld of geopolymers by examining the strength
properties of glass ﬁbre-reinforced ﬂy ash based geopolymer con-
crete, which is cured by heating, and natural exposure conditions.2. Materials and methods
The ﬂy ash used in this study was a low-calcium (ASTM class F)
of approximate particle size of 16 mm and speciﬁc surface of
420 m2 kg1. It was sourced from Mettur thermal power station.
The environmental consideration on the use of ﬂy ash can be a
major concern during its reuse; however, when ﬂy ash is to be used
in concrete, its effect on the environment can be monitored
through a process known as beneﬁciation, which entails the
reduction of the amount of heavy metals content in ﬂy ash. Low-
calcium ﬂy ash was preferable due to its slow setting time
compared to the class C ﬂy ash (having high calcium). Rapid setting
on the other hand was reported [12,20] as not suitable forFig. 1. Some of the materials used (a) class F Flgeopolymer concrete, because it affects the strength development.
The chemical composition of the ﬂy ash is presented in Table 1. The
amount of carbon present in the ﬂy ash is very low, based on the
obtained low Loss on Ignition (LOI) value. The molar Si-to-Al ratio
of the ﬂy ash was about 2.
River sand (ﬁner than 425 mmBS sieve) having speciﬁc gravity of
2.65, water absorption of 6.5% and ﬁneness modulus of 2.36 was
used as ﬁne aggregate. Granite of nominal sizes of 10 mm, having
speciﬁc gravity of 2.66, aggregate crushing value of 26.13%, aggre-
gate impact value of 13.99%, and water absorption of 2.5% was used
as coarse aggregate. The granite and the river sand were obtained
from a quarry near Tamil Nadu, India.
The ﬂy ash was activated using an alkaline solution which
comprised of NaOH and Na2SiO3, followed the procedure by Torres-
Carrasco and Puertas [21]. Thus, alkaline solutions of 12, 16 and
20 M were prepared and utilized for ﬂy ash activation.
The glass ﬁbres (GF) used is of E category, which are mostly
characterized by their high strength, and high resistance to tem-
perature and corrosion [22]. The properties of the glass ﬁbre are
shown in Table 2. The glass ﬁbre was added in varying proportions
of 0.1e0.5% (in steps of 0.1%) by weight of concrete. Glass ﬁbre was
added to the mixture after the chemicals were mixed with the
aggregate. Some of the materials used are presented in Fig. 1. The
weight ratio of alkaline liquid to ﬂy ash was ﬁxed as 0.43. The so-
dium hydroxide solution was prepared 1 d before use, so as to
control temperature rise caused by its dissolution in water. There-
after, sodium silicate (Na2SiO3) solution and the sodium hydroxide
(NaOH) were mixed to form the alkaline liquid. This study adopted
the mixing procedure reported by Zhao and Sanjayan [23]. The mix
proportion includes: 0% GF, 0.1% GF, 0.2% GF, 0.3% GF, 0.4% GF, and
0.5% GF, and the materials proportions were: river sand
(570 kg m3), granite (680 kg m3), ﬂy ash (350 kg m3), NaoH
(75.3 kg m3), Na2SiO3 (75.3 kg m3), and additional mixing water
(60.6 kgm3). Only glass ﬁbre content was varied as a percentage of
the weight of concrete.
The workability of the fresh concrete mix was determined by
slump and compaction factor tests, following BS EN 12350y ash, (b) glass ﬁbres, (c) alkaline solution.
Fig. 2. Curing of concrete samples (a) heat curing (b) natural curing.
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for the mixes were in ranges of 100e130 and 0.8e1, respectively.
Concrete cubes of 150 mm dimension were cast for compressive
strength test in accordance with BS EN 12390-6 [25], concrete
cylinders of 100 mm diameter and 200 mm height were cast forFig. 3. Compressive strength development with curinsplit-tensile test in accordancewith BS EN 12390-6 [26], and prisms
of 100  100  500 mm dimension were cast for ﬂexural strength
test, following BS EN 12390-5 [27] procedure.
Natural curing was carried out by keeping the concrete samples
at normal conditions after demoulding, at a temperature ofg age and glass ﬁbre (a) 12 M (b) 16 M (c) 20 M.
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the suitability of the glass ﬁbre-reinforced geopolymer concrete for
in situ construction. For thermal curing, temperature was main-
tained at 100 C for 24 h in an oven. Fig. 2 shows the curing pro-
cedures adopted. After 1 d thermal curing, concrete samples were
kept at normal room temperature.
Lastly, scanning electron microscope (SEM) was used to analyse
selected geopolymer samples, in an attempt to understand some
intrinsic internal structure of the samples, which can inﬂuence
their strength performances.
3. Results and discussion
3.1. Compressive strength
The compressive strength results of concrete specimens which
were activated using 12, 16 and 20 M alkaline solution are pre-
sented in Fig. 3. The strength of the geopolymer concrete increased
with increasing curing age under the two curing conditions. A
similar attribute is reported with conventional OPC concrete [28].
As can be seen in Fig. 3aec, thermal curing aids early strength gain
through maturity in the samples than curing them in the natural
environment. The rapid strength gained under thermal curing at
100 C, is attributable to absorption of excess moisture from the
concrete during steady heating. Singh et al. [12] made a similar
observation on steel ﬁbre reinforced geopolymer concrete. Further,
a report by Awoyera [29] has revealed that subjecting concrete to a
temperature below 100 C can signiﬁcantly inﬂuence its strength
properties without causing any severe damage to the concrete
structure. Fig. 3 also demonstrates the effect of glass ﬁbre content
on the compressive strength development in the samples. For the
samples containing 12 M NaoH (Fig. 3a), addition of 0.2% of glass
ﬁbre (GF) produced the highest compressive strength, thus yielding
23.8 and 22.9 MPa strengths under both thermal and natural curing
conditions respectively.
Also, for the geopolymers activated using 16 M alkaline solution
(Fig. 3b), the compressive strength of the concrete increased withFig. 4. Effect of alkaline solution on coincreasing curing age under the two curing conditions. Maximum
compressive strength achieved by thermally cured and naturally
cured concrete samples at 28 d were 24.8 and 22.2 MPa, respec-
tively. Geopolymer concrete with 16M alkaline solutions has better
compressive strength than the concrete with 12 M solutions.
However, a 0.3% of glass ﬁbre addition (Fig. 3b) produced the
maximum compressive strengths for both natural and thermal
curing.
There is similarity between the 16 and 20 M activated geo-
polymers, in that addition of 0.3% of glass ﬁbre produced the
maximum compressive strengths for both natural and thermal
curing. For the samples containing 20 M NaOH, Fig. 3c shows the
compressive strength development with curing age, and with ﬁbre
additions. The maximum compressive strength achieved by ther-
mally cured and naturally cured concrete samples at 28 d were 24.7
and 21.8 MPa, respectively. In a similar investigation on steel ﬁbre
reinforced geopolymers, Reed et al. [15] and Vijai et al. [30] found
that oven dried geopolymers developed higher compressive
strength than ambient cured samples. However, in this study, it can
be seen that only a slight variation in strength exists between
thermal curing and natural method, as such, it shows the viability
of using geopolymer of this composition as in situ construction
concrete. The compressive strength development with different
alkaline solutions is presented in Fig. 4. The geopolymer concrete
with 20 M alkaline solutions had better compressive strength than
the concrete with 12 and 16 M solutions. This result suggests that,
when molarity of the alkaline solution is increased to 20 M, there is
upsurge in the geopolymerisation reaction [31], which could have
aided the increase in strength.
3.2. Split-tensile strength
Fig. 5 show the split-tensile strength for 12, 16 and 20 M geo-
polymers. As seen in the compressive strength results, the split-
tensile strength also increased with the curing age. For 12 M
activated geopolymers (Fig. 5a), maximum tensile strength ach-
ieved by thermally cured and naturally cured concrete samples atmpressive strength of specimens.
Fig. 5. Split-tensile strength development with curing age and glass ﬁbre (a) 12 M (b) 16 M (c) 20 M.
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16 M activated geopolymers (Fig. 5b), 0.3% of glass ﬁbre addition
produced maximum tensile strength of 1.59 and 1.56 MPa at 28 d,
under thermal and natural curing respectively. Further, for 20 M
activated geopolymers, addition of 0.4% of glass ﬁbre yielded
maximum tensile strength of 1.58 and 1.41 MPa at 28 d for ther-
mally cured and naturally cured concrete samples, respectively.
Thus, the presence of higher ﬁbre content in 12 M geopolymers
enhanced its tensile strength than the 16 and 20 M activated
geopolymers. It can be insinuated that the increased ﬁbre content
was able to hold ﬁrmly a weak geopolymer concrete matrix
resulting in the increased tensile strengths obtained in samples 12
and 16 M geopolymers than 20 M. The tensile strength develop-
ment with alkaline solution molarity is summarized in Fig. 6. From
the result, it was seen that, 12 M alkaline solution (with increased
ﬁbre content) yielded the highest split-tensile strength.
3.3. Flexural strength
Fig. 7 shows the ﬂexural strength development with glass ﬁbre
addition for three different strengths of NaOH activated geo-
polymers. The ﬂexural strengths of the geopolymers increased withincreasing ﬁbre content up to 0.3% (Fig. 7a and b), and 0.4% (Fig. 7c)
for 12, 16 and 20 M activated geopolymers, respectively. The pres-
ence of the glass ﬁbre was signiﬁcant, as it enhanced the ﬂexural
strengths of the reinforced specimens than strengths obtained from
unreinforced geopolymers. Again, thermally cured specimens
produced slightly higher ﬂexural strengths than natural cured
specimens. The effect of alkaline solution molarity on the ﬂexural
strengths of the geopolymers is presented in Fig. 8. The 16 M so-
lution activated geopolymers have the highest ﬂexural strength,
which was obtained at 0.3% ﬁbre addition. The increase in strength
can be as a result of the presence of reactive amorphous phase in
the geopolymerisation reaction [32].
3.4. Microstructural analysis
Based on the strength results obtained, sample containing 0.3%
GF, having higher strength value than the other samples, and 0% GF
(control sample), were selected for the microstructural analysis.
The SEM images of the samples are shown in Fig. 9. As can be seen,
the control sample contains disjointed crystals with some internal
pores. The pores are most likely present due to a slow hydration
rate of the matrix. However, in the samples containing 0.3% glass
Fig. 6. Effect of alkaline solution on split-tensile strength of specimens.
Fig. 7. Effect of glass ﬁbre (GF) content on ﬂexural strength of (a) 12 M, (b) 16 M, and (c) 20 M activated geopolymers.
Fig. 8. Effect of alkaline solution on ﬂexural strength of specimens.
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Fig. 9. SEM images of geopolymer concrete containing (a) 0% GF (b) 0.3% GF.
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dration [33] and more importantly pozzolanic reaction resulting
from the glass ﬁbre fragments.4. Conclusions
This study has determined the strength characteristics of glass
ﬁbre reinforced ﬂash based geopolymer concrete, the following
conclusions are drawn:
1. For most of the specimens, there was no signiﬁcant increase in
the compressive strength of thermally cured geopolymer con-
crete with the curing age. Thermally cured concrete specimens
achieved more than 60% of its total compressive strength within
the early age (7 d).
2. The geopolymer concrete specimens which were cured in the
natural conditions, developed compressive strength with
increasing curing age. The compressive strength result of spec-
imens cured in natural specimens depends largely on the
average temperature and intensity of light the specimen
received during the ﬁrst week after casting. When the average
room temperature was high, there was appreciable increase in
the compressive strength.
3. Thermally-cured geopolymer concrete achieved higher
compressive strength when compared to the naturally cured
concrete specimens. Thermally cured concrete specimen con-
taining 0.3% glass ﬁbre and 16 M NaOH achieved a maximum
compressive strength of 24.8 MPa after 28 d, while naturally
cured samples achieved a strength of 22.2 MPa.
4. Molarity of the alkaline solution also had signiﬁcant effects in
the mechanical properties of the concrete specimens. Concrete
specimens with 16 M alkaline solutions achieved maximum
compressive, ﬂexural and tensile strength when compared to
the concrete with the 12 and 20 M alkaline solutions. So, 20 M
alkaline solution is not preferred for geopolymer concrete.
5. Fibre addition in geopolymer concrete resulted in variations in
the mechanical properties of concrete. Addition of 0.3% of glass
ﬁbre gained maximum results in most concrete specimens.
Further addition of glass ﬁbre reduced the strength of concrete.
Adding 0.3% of ﬁbre increased the compressive strength of ﬂyash-based geopolymer concrete by 16%, when compared to the
conventional geopolymer concrete.
Acknowledgement
The authors would like to express their gratefulness to the
JayshriRam group of institutions, Tiruppu, India, for providing
adequate support for this research.
References
[1] Wallah SE. Creep behaviour of ﬂy ash-based geopolymer concrete. Civ Eng
Dimens 2010;12:73e8.
[2] McCaffrey R. Climate change and the cement industry. Glob Cem Lime Mag
Environ Spec Issue 2002:15e9.
[3] Lloyd N, Rangan V. Geopolymer concrete-sustainable cementless concrete. ACI
Spec Publ 2009;261:33e54.
[4] Hardjito D, Wallah SE, Sumajouw DM, Rangan B. Factors inﬂuencing the
compressive strength of ﬂy ash-based geopolymer concrete. Civ Eng Dimens
2004;6:88e93.
[5] Duan P, Yan C, Zhou W. Compressive strength and microstructure of ﬂy ash
based geopolymer blended with silica fume under thermal cycle. Cem Concr
Compos 2017;78:108e19.
[6] Awoyera PO, Adekeye AW, Babalola OE. Inﬂuence of electric arc furnace (EAF)
slag aggregate sizes on the workability and durability of concrete. Int J Eng
Technol 2015;7:1049e56.
[7] Awoyera PO, Lucas SS. Beneﬁts of using ceramic tile waste for making sus-
tainable concrete. J Solid Waste Technol Manag 2017 (in press).
[8] Babalola OE, Awoyera PO. Suitability of Cordia millenii Ash blended cement in
concrete production. Int J Eng Res Afr 2016;22:59e67.
[9] Patankar SV, Ghugal YM, Jamkar SS. Mix design of ﬂy ash based geopolymer
concrete. In: Matsagar V, editor. Advances in Structural Engineering. New
Delhi, India: Springer; 2015. p. 1619e34.
[10] Reig L, TashimaMM, SorianoL, BorracheroMV,Monzo J, Paya J. Alkaline activation
of ceramic waste materials. Waste Biomass Valorization 2013;4:729e36.
[11] Bhutta MAR, Hussin WM, Azreen M, Tahir MM. Sulphate resistance of geo-
polymer concrete prepared from blended waste fuel ash. J Mater Civ Eng
2014;26. 04014080-1-6.
[12] Singh B, Ishwarya G, Gupta M, Bhattacharyya SK. Geopolymer concrete: a
review of some recent developments. Constr Build Mater 2015;85:78e90.
[13] Castel A, Foster SJ. Bond strength between blended slag and Class F ﬂy ash
geopolymer concrete with steel reinforcement. Cem Concr Res 2015;72:
48e53.
[14] Ken PW, Ramli M, Ban CC. An overview on the inﬂuence of various factors on
the properties of geopolymer concrete derived from industrial by-products.
Constr Build Mater 2015;77:370e95.
[15] Reed M, Lokuge W, Karunasena W. Fibre-reinforced geopolymer concrete
with ambient curing for in situ applications. J Mater Sci 2014;49:4297e304.
[16] Sivakumar A, Santhanam M. Mechanical properties of high strength concrete
reinforced with metallic and non-metallic ﬁbres. Cem Concr Compos 2007;29:
603e8.
T. Sathanandam et al. / Sustainable Environment Research 27 (2017) 146e153 153[17] Nematollahi B, Sanjayan J, Chai JXH, Lu TM. Properties of fresh and hardened
glass ﬁber reinforced ﬂy ash based geopolymer concrete. Key Eng Mater
2014;594e5:629e33.
[18] Cao Q, Cheng YL, Cao ML, Gao QQ. Workability, strength and shrinkage of ﬁber
reinforced expansive self-consolidating concrete. Constr Build Mater
2017;131:178e85.
[19] Heah CY, Kamarudin H, Al Bakri AM, Binhussain M, Luqman M, Nizar IK, et al.
Effect of curing proﬁle on kaolin-based geopolymers. Phys Procedia 2011;22:
305e11.
[20] Olivia M, Nikraz H. Properties of ﬂy ash geopolymer concrete designed by
Taguchi method. Mater Des 2012;36:191e8.
[21] Torres-Carrasco M, Puertas F. Waste glass in the geopolymer preparation. Me-
chanical and microstructural characterisation. J Clean Prod 2015;90:397e408.
[22] Al-Hadhrami LM, Maslehuddin M, Ali MR. Chemical resistance and mechan-
ical properties of glass ﬁber-reinforced plastic pipes for oil, gas, and power-
plant applications. J Compos Constr 2016;20:1e9.
[23] Zhao R, Sanjayan JG. Geopolymer and Portland cement concretes in simulated
ﬁre. Mag Concr Res 2011;63:163e73.
[24] BSI. BS EN 12350-2. Testing Fresh Concrete e Part 2. London, UK: British
Standard Institute; 2009.
[25] BSI. BS EN 12390-3. Testing Hardened Concrete e Part 3: Compressive
Strength of Test Specimens. London, UK: British Standard Institute; 2009.[26] BSI. BS EN 12390-6. Testing Hardened Concrete e Part 6: Tensile Splitting
Strength of Test Specimens. London, UK: British Standard Institute; 2009.
[27] BSI. BS EN 12390-5. Testing Hardened Concrete e Part 5: Flexural Strength of
Test Specimens. London, UK: British Standard Institute; 2009.
[28] Awoyera PO, Akinmusuru JO, Ndambuki JM. Green concrete production with
ceramic wastes and laterite. Constr Build Mater 2016;117:29e36.
[29] Awoyera PO. Forensic Investigation of Fire-affected Concrete Buildings.
Saarbruken, Germany: Lap Lambert Academic Publishing; 2014.
[30] Vijai K, Kumutha R, Vishnuram BG. Experimental investigations on mechan-
ical properties of geopolymer concrete composites. Asian J Civ Eng (Build
Hous) 2012;13:89e96.
[31] Patankar SV, Ghugal YM, Jamkar SS. Effect of concentration of sodium hy-
droxide and degree of heat curing on ﬂy ash-based geopolymer mortar. Indian
J Mater Sci 2014;2014:1e6.
[32] Nagalia G, Park Y, Abolmaali A, Aswath P. Compressive strength and micro-
structural properties of ﬂy ash-based geopolymer concrete. J Mater Civ Eng
2016;28:1e11.
[33] Awoyera PO, Akinmusuru JO, Moncea A. Hydration mechanism and strength
properties of recycled aggregate concrete made using ceramic blended
cement. Cogent Eng 2017;4:1e12.
